Industrial enzymes are often immobilized via chemical cross-linking onto solid supports to enhance stability and facilitate repeated use in bioreactors. For starch-degrading enzymes, immobilization usually places constraints on enzymatic conversion due to the limited diffusion of the macromolecular substrate through available supports. This study describes the one-step immobilization of a highly thermostable ␣-amylase (BLA) from Bacillus licheniformis and its functional display on the surface of polyester beads inside engineered Escherichia coli. An optimized BLA variant (Termamyl) was N-terminally fused to the polyester granuleforming enzyme PhaC of Cupriavidus necator. The fusion protein lacking the signal sequence mediated formation of stable polyester beads exhibiting ␣-amylase activity. The ␣-amylase beads were assessed with respect to ␣-amylase activity, which was demonstrated qualitatively and quantitatively. The immobilized ␣-amylase showed Michaelis-Menten enzyme kinetics exerting a V max of about 506 mU/mg of bead protein with a K m of about 5 M, consistent with that of free ␣-amylase. The stability of the enzyme at 85°C and the capacity for repeated usage in a starch liquefaction process were also demonstrated. In addition, structural integrity and functionality of the beads at extremes of pH and temperature, demonstrating their suitability for industrial use, were confirmed by electron microscopy and protein/enzyme analysis. This study proposes a novel, costeffective method for the production of immobilized ␣-amylase in a single step by using the polyester granules forming protein PhaC as a fusion partner in engineered E. coli.
Industrial enzymes are frequently immobilized onto solid supports in order to increase resistance to fluctuations in conditions such as pH and temperature (18) and to facilitate repeated usage. Although BLA has previously been successfully immobilized (25, 27, 28) , it has been suggested that access to large starch molecules through pores in typical supports can be a limitation (27) . Therefore, a system that allows free, high-density contact between the immobilized enzyme and its substrate would be an advantage. However, covalent immobilization of BLA as well as any other biocatalyst requires a laborious and costly production process involving production of the enzyme, generation of supports, and chemical crosslinking of both components. Here, the optimized BLA (Termamyl) was further engineered to mediate intracellular formation of spherical polyester beads that display highly active ␣-amylase covalently attached at high density and homogenous functional orientation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table 1 . All Escherichia coli strains were grown at 37°C unless otherwise stated. When required, the following antibiotics were added (concentration): ampicillin (75 g/ml), chloramphenicol (50 g/ml), tetracycline (12.5 g/ml), and kanamycin (12.5 g/ml). For polyester bead production, cells were grown at 37°C to an optical density at 600 nm of 0.45 and then induced with the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Following induction, cultures were cultivated at 30°C with shaking for 44 h.
Plasmids and oligonucleotides. Plasmids used in this study are listed in Table 1 . General cloning procedures and DNA isolation were performed as described elsewhere (22) . DNA primers, deoxynucleoside triphosphate, T4 DNA ligase, and Taq polymerase were purchased from Invitrogen (CA). The plasmid pJ204BLA was synthesized by GeneScript Corp. Chemical reagents were purchased from Sigma Aldrich (St. Louis, MO).
Construction of plasmids for production of BLA-displaying polyester beads. The DNA sequence encoding the stabilized variant of full-length BLA (␣-amylase) (16) from B. licheniformis was obtained codon optimized for expression in E. coli from GenScript Corp. as an insert within the plasmid pJ204. To enable production of a BLA-PhaC fusion protein, the full-length BLA-encoding gene was initially cloned into the SpeI site of plasmid pET14b-SAphaC (20) , replacing the existing insert. The resulting plasmid, pET14b-BLAphaC, was used to transform E. coli BL21(DE3) competent cells harboring the plasmid pMCS69, which mediates the synthesis of the precursor R-3-hydroxybutyryl-coenzyme A (CoA) required for polyester synthesis and, hence, polyester bead formation (1, 2) . To assess the role of the signal sequence, primers BLA-Nterm-Leader (5Ј-GTGG GGGACTAGTATGGCCGCTAACCTGAAC-GGTACCCTGATGCAG-3Ј) and BLA-Cterm (5Ј-AAAGAGACTAGTGCCACCACC-ACCACCGCGCT GGACGTAGATGG-3Ј) were used to amplify the BLA gene encoding BLA minus the signal sequence from pJ204BLA. The PCR product was cloned into the SpeI restriction site of the plasmid pET14b-BLAphaC after removal of the original BLA-encoding gene region, producing pET14b-BLA(Ϫss)phaC (where Ϫss indicates the absence of the signal sequence), which was then used to transform E. coli BL21(DE3) and Origami B (DE3) strains harboring pMCS69.
The DNA sequence of the new plasmid construct was confirmed by DNA sequencing.
To produce control beads that do not display ␣-amylase activity, the previously described plasmid pETC (20) , which encodes only the wild-type PhaC of Cupriavidus necator, was used in E. coli Origami B (DE3) in the presence of plasmid pMCS69.
Protein analysis. Bead protein profiles were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described elsewhere (12) . Gels were stained with Coomassie brilliant blue G250. Protein concentrations were determined using the Bradford protein quantification method (3).
MALDI-TOF MS. In order to identify the BLA-PhaC fusion protein, the band of interest was cut out from the gel and subjected to matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). Peptides produced by tryptic digestion were analyzed as previously described (6) .
Polyester analysis. Production of the polyester polyhydroxybutyrate, which indicated polyester bead formation, was determined qualitatively and quantitatively by gas chromatography(GC)/MS (4).
Polyester bead isolation. Polyester beads were isolated from recombinant E. coli cells using mechanical cell disruption and ultracentrifugation on a glycerol gradient as previously described (10) . Control beads were produced from E. coli Origami B (DE3) cells harboring pMCS69 and pETC.
Microscopy. Polyester granules produced inside bacterial cells were visualized with fluorescence microscopy following Nile red staining, as previously described (19) . Isolated beads were prepared for transmission electron microscopy (TEM) and viewed with a Philips CM10 microscope as previously described (6) .
TEM of beads subjected to extreme conditions of temperature and pH was obtained by washing and resuspending the beads in 20 mM Tris HCl (pH 8.0) and by incubation at various temperatures or pH values. Following incubation, the beads were sedimented by centrifugation (5,000 ϫ g for 15 min at 4°C), washed twice with 50 mM potassium phosphate buffer, pH 7.5, and analyzed by TEM.
Assessment of ␣-amylase activity of the BLA beads. To qualitatively assess the ability of engineered beads to hydrolyze starch, starch agar was prepared using LB medium supplemented with 0.5% (wt/vol) tryptone, 0.3% (wt/vol) casein, 0.5% (wt/vol) NaCl, and 2.5% (wt/vol) potato starch. The enzyme ␣-amylase from B. licheniformis (Sigma A3403) was included as positive control for starchdegrading enzyme activity (see Fig. 2A ). Control beads were used as a negative control (see Fig. 2C ). The BLA beads and control beads, as well as the free ␣-amylase enzyme, were incubated at 37°C overnight on the surface of starch agar plates. At the end of incubation, the plates were washed with distilled water and stained with 10 ml of Lugol's iodine solution (8) .
The enzymatic activity of the engineered beads was quantitatively assessed using a 3,5-dinitrosalicyclic acid colorimetric assay for the ␣-amylase (EC 3.2.1.1; Sigma A3403) (29) . Starch was prepared for all experiments in the buffer of desired pH and gelatinized by heating until boiling for 10 min. BLA beads for all experiments were prepared as buffer suspensions containing 500 g of protein/ ml. All measurements were conducted in triplicate.
Effect of temperature on enzymatic activity. To determine the effect of temperature on activity, starch and beads prepared in 20 mM Tris HCl, pH 8.0, were incubated at temperatures ranging from 35°C to 85°C in a shaking water bath for 2.5 h. Samples were removed from the reaction mixtures at half-hourly intervals and sedimented by centrifugation (5,000 ϫ g for 5 min). The supernatant was assessed for the presence of maltose.
Effect of pH on enzymatic activity. To determine the effect of pH on activity, the beads and starch were incubated at 75°C with shaking in the following 20 mM buffers: sodium acetate (pH 4, 5, and 5.6), Tris-HCl (pH 7 and 8), sodium borate (pH 9 and 10), and sodium carbonate/bicarbonate (pH 11). Samples were removed from the reaction mixtures at half-hourly intervals and sedimented by centrifugation (5,000 ϫ g for 5 min). The supernatant was assessed for the presence of maltose.
Temperature stability. To assess stability at high temperatures, the beads were preincubated without starch at 85°C and 95°C in 20 mM Tris-HCl, pH 8.0, for 5 h with shaking. Samples were removed at hourly intervals and used for the starch hydrolysis assay as described above, using 5 mg/ml starch in 20 mM Tris-HCl, pH 8.0, at 75°C.
Immobilized BLA kinetics. To determine the kinetics of immobilized BLA, starch at concentrations ranging 1.25 to 25 mg/ml was incubated with 500 g/ml bead suspensions at 55°C in a shaking water bath for 2.5 h. Samples were removed from the reaction mixture at half-hourly intervals and sedimented by centrifugation (5,000 ϫ g for 5 min). The supernatant was assessed for the presence of maltose.
Reusability. To assess the effect of repeated usage on enzymatic activity, the assay was conducted under optimum conditions. At the end of 2.5 h, the remaining starch-bead mixture was sedimented by centrifugation (5,000 ϫ g at 4°C for 15 min). The beads were washed three times in 20 mM Tris-HCl, pH 8.0, and then resuspended to the original concentration, and the assay was repeated under identical conditions.
RESULTS
The BLA-PhaC fusion protein lacking the signal sequence mediates production of polyester beads. The plasmid pET 14b-BLAphaC encoding the full-length BLA gene did not produce transformants in the E. coli Bl21(DE3) and Origami B (DE3) strains. This plasmid could be propagated only in E. coli strains not enabling T7 promoter-dependent gene expression. However, plasmid pET14b-BLA(Ϫss)phaC containing the hybrid gene encoding BLA lacking the signal sequence required for secretion and translationally fused to the N terminus of PhaC mediated overproduction of the respective BLA-PhaC fusion protein in both E. coli strains [for Origami B (DE3) cells, see Fig.  1 ]. The fusion protein was demonstrated by SDS-PAGE analysis of whole-cell lysates of induced E. coli Origami B (DE3) harboring only plasmid pET14b-BLA(Ϫss)phaC (data not shown) as well as both plasmids pET14b-BLA(Ϫss)phaC and pMCS69 (Fig.  1) . Plasmid pMCS69 contains the genes phaA (␤-ketothiolase) and phaB (acetoacetyl-CoA reductase) from C. necator that me- diate provision of the polyester precursor (R)-3-hydroxybutyrylCoA. GC/MS analysis showed that pET14b-BLA(Ϫss)phaC mediated production of the polyester polyhydroxybutyrate in the presence of plasmid pMCS69 to a level comparable to the wildtype PhaC encoded by pETC (data not shown). Since E. coli Origami B (DE3) showed 20% more polyhydroxyalkanoate accumulation than E. coli BL21(DE3), it was selected as the production host for subsequent bead production. BLA-PhaC is abundantly attached to polyester granules. The BLA-PhaC fusion protein was shown by SDS-PAGE to be overproduced at the granule surface (Fig. 1) . No free fusion protein could be detected in the cell-free supernatant or in the soluble cytosolic fraction (data not shown). The identity of the fusion proteins in whole-cell lysates and attached to granules was confirmed by tryptic peptide fingerprinting combined with MALDI-TOF MS analysis (see Table S1 in the supplemental material). No fusion protein was produced in the induced whole cells harboring the control vectors pET14b or pETC together with pMCS69. In the latter cells, wild-type PhaC could be detected (Fig. 1) . The purity of isolated polyester beads was confirmed by determining the polyester content by GC/MS. A high polyester content reflects efficient removal of cellular components.
BLA beads show ␣-amylase activity. To qualitatively assess ␣-amylase activity, hydrolysis of starch by the BLA beads and the commercial ␣-amylase was analyzed on starch agar (Fig. 2) . Following incubation and staining with Lugol's iodine solution, ␣-amylase activity was observed for the commercial enzyme (positive control) and the BLA beads, as indicated by a clearing in the starch agar. No activity was detected in case of the PhaC beads (negative control) (Fig. 2) .
Enzymatic characterization of ␣-amylase immobilized to the polyester beads. To characterize the immobilized ␣-amylase, enzyme kinetic studies as well as reusability and temperature stability studies were conducted. Beads that were exposed to extreme conditions such as high temperature (85°C and 95°C) or extreme pH values (pH 4 and 11) were assessed for structural integrity and attachment of the fusion protein by TEM and SDS-PAGE, respectively (see Fig. S1 in the supplemental material).
Effect of temperature on enzymatic activity of BLA beads. The rate of the conversion of starch to maltose increased steadily with the incubation temperature up to 75°C and declined at 85°C (Fig. 3) . Therefore, 75°C was considered as the optimum temperature for enzyme activity of immobilized BLA.
Effect of pH on enzymatic activity of BLA beads. The rate of conversion of starch to maltose was highest at pH 8.0 (Fig. 4) . Enzyme activity was low at extreme pH values (pH 4 and 11). Thus, pH 8.0 was considered an optimum pH value for the activity of immobilized ␣-amylase.
Kinetic analysis of immobilized BLA. The highest relative activity was obtained at a starch concentration of 5 mg/ml. The total activity was 313.2 U from a 1-liter culture.
Determination of kinetic parameters of BLA immobilized at the bead surface. The BLA activity of isolated BLA beads was monitored for 2.5 h (data not shown) at starch concentrations from 0 M to 75 M. The correlation of the voided volume with the substrate concentration could be fitted to Michaelis- Reusability of BLA beads. Reusability of the beads was assessed by using the initial assay followed by two successive processing cycles using the same BLA beads. While an initial decline of 28% activity was observed in the second process cycle, this level of activity was maintained in the third cycle, with 78% of initial activity (data not shown).
Temperature stability of BLA beads. BLA beads were incubated at 85°C and 95°C, and the ␣-amylase activity of BLA beads was assessed as a function of time. The ␣-amylase activity of the beads was unaffected after incubation at 85°C for 5 h, but at 95°C a significant decline was observed after 1 h (Fig. 5) .
Structural integrity of BLA beads and stability of the natural cross-link immobilizing BLA to the beads. BLA beads were exposed for 2.5 h to extreme pH values (pH 4 and 11) at 75°C and high temperatures (85°C and 95°C) at pH 8.0. TEM analysis of these beads indicated that the shape and size of the beads were not affected (see Fig. S1 in the supplemental material).
DISCUSSION
Immobilization of ␣-amylases for continuous industrial use has mainly involved covalent attachment to various supports including glass beads (11) , polymeric microspheres (28), cellulose beads (25) , and reactive membranes and fibers (27, 28) . In contrast to current immobilization methods, which involve several stages, this study describes the use of engineered E. coli to produce a highly thermostable BLA variant on the surface of polyester beads in a single step. A BLA variant harboring five mutations that enhanced thermostability (16) was successfully displayed on the polymer bead surface under the control of the strong T7 promoter ( Fig. 1 and 2 ).
E. coli is widely used as an expression host for the production of industrially relevant amylases (14, 15, 26, 29) . In most cases, the enzyme is produced extracellularly and recovered from the cultivation medium or periplasmic space (26, 29) . While some reports have described the intracellular production of ␣-amylase in E. coli (17, 23) , extracellular production is generally preferred in the industrial context to facilitate correct protein folding and easier downstream processing (29) . Thus, the direct immobilization and easy purification of the enzyme reported here were considered as industrially advantageous.
In this study, the translational fusion of the BLA C terminus to PhaC initially attempted using the full-length BLA sequence including its signal peptide was unsuccessful. Transfer of this plasmid was achieved only into E. coli strains lacking the T7 RNA polymerase gene, which suggested that production of the signal peptide comprising the fusion protein might have a toxic effect on cells. This was consistent with a recent study (17) and was further supported here by construction of a hybrid gene encoding the BLA-PhaC fusion without the signal peptide, which resulted in T7 promoter-based fusion protein overproduction with simultaneous polyester bead formation. Hence, the signal peptide is not required for proper folding of the ␣-amylase, which is consistent with a previous study by Lo et al. (15) (Fig. 1) . Whole-cell protein analysis suggested strong overproduction of the fusion protein, i.e., very efficient bead production inside the cells as reflected by only a little gain in purity when the total protein of isolated beads was assessed.
An optimum temperature range from 55 to 70°C and an optimum pH of 5.2 were recently reported for an immobilized ␣-amylase and compared to optimum values of 55°C and pH 5.6 for free BLA (25) . For the BLA beads, the optimum tem- perature of 75°C (Fig. 3) , an optimum pH of 8 (Fig. 4) , and stability at 85°C and 95°C (Fig. 5) suggested suitability as an additive in laundry detergents (9) and superior enzyme properties compared to free BLA (13) . The immobilized BLA indicated a Michalis-Menten-type kinetics, with a K m of 5 M, suggesting a high binding affinity compared with the K m values of 9.6 M and 44 M for free BLA and BLA chemically cross-linked to cellulose beads, respectively (25) .
TEM analyses showed structural integrity of the BLA beads under extreme conditions of temperature and pH while SDS-PAGE indicated that the BLA-PhaC fusion remained attached to the beads under extreme conditions, which suggested a stable bond between the fusion protein and the polyester core. With regard to reusability, the maintenance of high enzyme activity in the second and third process cycle demonstrated that the beads may be reused, an important property of immobilized enzymes (25, 27) .
